The effects of high-pressure on the crystal structure of orthorhombic (Pnma) perovskite-type cerium scandate have been studied in situ under high pressure by means of synchrotron x-ray powder diffraction, using a diamond-anvil cell. We have found that the perovskite-type crystal structure remains stable up to 40 GPa, the highest pressure 
I. Introduction
Perovskite-structured materials continue to attract the attention of scientists because of their remarkable properties, which include colossal magneto-resistance, metalinsulator transitions, piezoelectricity, ferroelectricity, etc. These properties make perovskites candidates for various technological applications. 1 Besides, the perovskite structure adopted by minerals, in particular (Mg,Fe)SiO3, bear significant geological importance due to their formation in lower mantle of Earth. 2 The ABO3 perovskite-type materials with both A and B being trivalent cations form the largest class of perovskites due to the wide choice of cations satisfying the tolerance criteria of the structure. Most of the rare-earth ions form a perovskite-type structure with trivalent transition metal ions and Ga 3+ and Al 3+ . The crystal structure and structural transitions in such materials are related to their fundamental properties and thus they have a rich crystal chemistry. As a consequence of these facts, perovskites have been largely studied under high pressure (HP) or high temperature to understand their structural and physical properties as well as for searching new phases. Depending on the ionic radii of cations as well as external parameters like, pressure or temperature, the ideal perovskites distort and form different low-symmetry structures. It is commonly observed that the low-symmetry structures transform to high-symmetry structures with increasing temperature. However, the effect of pressure on perovskites is not well understood due to fact that transitions from a lowsymmetry to a high-symmetry structure as well as from a high-symmetry to a lowsymmetry structure are observed under compression. Thus diversified observations on phase transitions in perovskite-type compounds have been reported in literature. [2] [3] [4] [5] [6] [7] As a case, the orthorhombic (Pnma) LaGaO3 transforms to a rhombohedral (R3 � c) structure at 150°C as well as at 2.5 GPa. 7, 8 On the contrary, the cubic perovskite-type fluorides BaLiF3 and KMgF3 remain stable up to significantly higher pressure, viz > 40 GPa. 9, 10 4 On the other hand, although a number of structural studies on orthorhombic perovskites have been reported in the literature, the structural transitions are not unique. For instance, GdMnO3 undergoes a isosymmetric structural transition around 50 GPa 11 , LaGaO3 and
LaAlO3 an orthorhombic-to-rhombohedral transition, 7, 12, 13 PbRuO3 suffers an orthorhombic-orthorhombic transition (Pbnm to Pbn21) 4 , and NaMgF3 a different orthorhombic-orthorhombic transition. 14, 15 The HP transitions in perovskites have thus attracted significant interest due to the impact of pressure in their crystal chemistry, owing the influence of compression on the internal structural parameters, bond strength, and polyhedral properties, which play a dominating role in determining the properties of perovskites. In particular, Zhao et al. 6 explained that the structural stabilities of perovskites are related to the compressibility and distortion of AO12 and BO6 polyhedra and the compressibility of A-O and B-O bonds. The evolutions of atomic coordinates are thus important to understand the phenomena under pressure.
Although, varieties of perovskite-type oxides have been extensively studied under HP, 3 -7, 11 -13, 16 -19 to the best of our knowledge nothing is known on the effect of pressure on rare-earth scandates. These scandates have an orthorhombic structure, where no pressure-induced electronic contribution, like overlapping of orbitals, is expected to affect their HP behavior. Therefore, the distortion and compressibility of bonds can be assumed to be the driving force of the structural modification under compression, being the pressure dependent structural behavior and lattice distortion easily interpreted. In addition, rare-earth scandates have technological relevance and are promising candidates for the replacement of silicon dioxide in metal-oxide-semiconductor field-effect transistors due to their large dielectric constant and optical band gap. 20 Among rare-earth scandates, CeScO3 is an interesting member which can be easily produced by a facile chemical method. 21 Its thermal stability and electronic properties have been discussed. 21 
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CeScO3 can be also prepared by arc-melting of CeO2, Sc2O3, and Sc metal. 22 This compound has also interesting magnetic properties. 22 The crystal structure of CeScO3 is shown in Fig. 1 
II. Experimental methods
CeScO3 was synthesized by a two-step synthesis route involving a combustion method followed by vacuum heating at 1100 ºC in the presence of a Zr sponge which acts as an oxygen getter. 21 Analysis of the final product by XRD, scanning electron microscopy, and chemical analyses confirmed that the synthesized samples consist of single phase perovskite-type CeScO3. Three series of HP powder XRD experiments were performed. The maximum pressure reached was 40 GPa. Angle-dispersive XRD experiments were carried out using diamond-anvil cells (DAC) with diamond culets of 300 µm. The pressure chamber was a 100-µm hole drilled on a 40-µm pre-indented tungsten gasket. We used 16:3:1 methanol-ethanol-water as pressure-transmitting medium (PTM). Pressure was determined always by using two methods, Cu as internal pressure standard 24 and ruby fluorescence. 25 The error in the pressure determination was 0.05 GPa for pressure below 10 GPa and 0.1 GPa for the rest of the pressures. Special care was taken to occupy only a small fraction on the pressure chamber with sample and pressure standard to reduce the possibility of sample bridging between the two diamond anvils. 26 XRD experiments were performed at the materials science and powder diffraction (MSPD) beamline of the ALBA synchrotron facility. 27 The beamline is equipped with Kirkpatrick-Baez mirrors to focus the monochromatic beam to 20 µm x 20 µm (Full width at half maximum) and a Rayonix CCD detector with a 165 mm diameter of active area. We used a monochromatic wavelength of 0.4246 Å and the sampledetector distance was set to 280 mm. The two-dimmensional diffraction images were integrated with FIT2D software. 28 Structural analyses were performed with PowderCell 29 and GSAS. 30 Calculations of bond distances and polyhedral volumes were carried out using Vesta.
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III. Results and Discussion
Synchrotron powder XRD experiments diffraction confirmed the perovskite-type Table 1 ). In the refinement of the XRD data collected in the DAC, the isotropic displacement factors (B) were fixed at those values determined at ambient pressure, 21 which are mainly dominated by the background of the XRD pattern. Often the atomic displacement factors are correlated and 8 more sensitive to background subtraction than positional parameters. The atomic positions, obtained for the structure, are summarized in Table 1 . The obtained structural parameters are similar to those determined at ambient pressure. 21 As shown in Fig. 1 , the structure of CeScO3 can also be explained by an alternative description using the cations sub-lattice where the oxides can be related to the structure of the corresponding elements and alloys where cations are in an oxygen matrix. 34 -36 In CeScO3, the cations subarray adopts a distorted CsCl-type structure (with Ce and Sc replacing Cs and Cl, respectively). In this alternative cation-array view 34 -36 , the oxides can be represented as a pressurized version of the metallic subarray. This hypothesis is supported by the fact that Ce-Sc distances are slightly smaller in CeScO3 than in ceriumscandium alloys. 37 Therefore the structural stability observed in the present study on
CeScO3 suggest the existence of a CeSc alloy with the CsCl structure extremely stable under compression as recently found in other metallic alloys. 38 In order to grasp the variation of structural changes with pressure, the XRD patterns recorded at different pressures were compared. Fig. 3 shows a selection of powder diffraction patterns measured under compression. The only changes we observed in the XRD patterns are a slight shift of Bragg peaks toward high 2θ angles due to the contraction of lattice parameters. Also the shifts of peaks corresponding to the CeScO3 lattice are noticeably smaller than those of Cu peaks. This suggests that CeScO3 is less compressible than Cu. A typical broadening of peaks is observed in the XRD patterns under compression suggesting that non-hydrostatic conditions 39 -41 were created beyond a critical pressure. For instance, the peak broadening can be noticed in Fig. 2 by comparing the XRD patterns measured at 29.1 GPa and 5.05 GPa. Though the quasihydrostatic limit of our pressure medium is approximately 13 GPa, 42 due to the careful DAC loading, the peak broadening is clearly detected in our experiments only beyond 9 23.7 GPa (see Fig. 3 ). No evidence of pressure-induced phase transition or chemical decomposition of CeScO3 is found up to 40.4 GPa and the ambient-pressure diffraction pattern is fully recovered upon decompression (see Fig. 3 ). An interesting fact to remark is that different Bragg reflections evolve in a different way under compression causing successive peak splitting and merging as pressure increases. This is illustrated in Fig. 2 by the (101) and (020) peaks located near 2θ = 6º which split under compression and by the (220) and (022) peaks which merge into one peak under compression. This fact is a consequence of the anisotropic compression of CeScO3 and it is described below.
Rietveld refinements were successfully performed up to 12.7 GPa, with a similar quality than in the refinement of the 0.2 GPa experiment. The structural parameters obtained at 12.7 GPa are summarized in Table 1 . The refinement is shown in Fig. 2 in the x coordinate of Ce and the z coordinate of both oxygen atoms. These changes will have consequences on the pressure evolution of bond lengths. As we described above, with the used PTM, at pressures higher than 12.7 GPa, deviatoric stresses becomes to be not negligible. 41 Therefore, no Rietveld refinement were carried out with the XRD collected beyond this pressure, but they were analyzed by using the LeBail method to extract the unit-cell parameters. 43 An example of the LeBail fits carried out at different pressures is shown in Fig. 2 (top part) . . These values were determined after a Murnaghan EOS fit to experimental data. 44 The fits are shown as solid lines in Fig.   5 . A consequence of the different axial compressibilities is the distinctive pressure evolution of Bragg peaks observed in Fig. 3 . In particular, peaks like (020) should shift to higher angles more quickly than peaks like (101), as we commented above. Another consequence of the anisotropic compressibility is that a gradually approaches c, becoming the difference between them smaller than 1% at approximately 35 GPa. As a result of it, the (220) and (022) peaks gradually merge under compression as we described above.
However, an extrapolation of the pressure dependence of both axes (a and c) to higher pressures, using the Murnaghan fits shown in Fig. 5 , indicates that a and c will only become identical beyond 60 GPa. Therefore, a possible second-order orthorhombictetragonal transition is expected to take place only under extreme compression. A similar reduction of the lattice distortion has been observed in other materials like InSe; which transforms from monoclinic to tetragonal under HP, going through a second-order transition. 45 An extension of the pressure limits of this study will be needed to search for the existence of a pressure-driven phase transition in CeScO3 and to elucidate if such transition will be a second-order orthorhombic-tetragonal transition or a first-order one.
11
The anisotropy in the axial compressibility of CeScO3 (βa : βb : βc = 1.23 : 1.38 :
1.00; being βx = / ) is similar to that of other orthorhombic perovskites (b ≥ a ≥ c), GPa. 47 However, the experiments of Zhao et al. suggested that the structure would likely to transform to a more distorted structure due to the differences in the compressibilities of the CaO12 and TiO6 polyhedral units. 48 This aspect is explained later in this article.
Since the TiO6 octahedron is less compressible, it will tilt more and thus the orthorhombic CaTiO3 will transform to a more distorted structure while approaching a ~ c.
The present pressure-volume data have been analyzed using a third-order Birch- 44 by the EOSFit7 software. 49 If the data obtained from the i.e. a second-order BM EOS describes well the results obtained under quasi-hydrostatic conditions (P ≤ 12.7 GPa). The differences in the bulk modulus and its derivative (which are correlated) between both fits reflect the change of compressibility observed in the experiments near 10 GPa. The bulk modulus obtained for perovskite-type CeScO3 (B0 =   12 165 -177 GPa) indicates that this oxide is less compressible than zircon-type CeVO4 (B0 = 133 GPa) 51 and monazite-type CePO4 (B0 = 110 GPa) 52 , but more compressible than fluorite-type CeO2 (B0 = 220 GPa) 53 and Ce2Zr2O8 (214 GPa) 23 . In general, the tilt patterns and distortion of the octahedral units of perovskite-type materials depend on the ionic radii of the cations as well as external parameters like temperature and pressure, and they govern the structure and phase transitions. Usually the octahedral tilt is reduced with increasing temperature while an opposite trend is observed with pressure. Thus, the symmetry of the perovskite lattice increases with increasing temperature while it decreases with increasing pressure. However, the general observation of pressure-induced structural transition is not the straightforward inverse relation as mentioned earlier. The "anomalous" behavior of pressure-induced structural transition has been attributed to the distortion and relative compressibility of the polyhedra around the cations. In the case of CeScO3, the experimental observations indicate the absence of any structural transition up to 40 GPa. 13 It has been observed that the bulk modulus of various oxides can be explained in terms of local compressibilities. 54 -58 In order to further understand the structural evolution and to compare with the general trend of phase transition the compressibility of Ce-O and Sc-O bonds is investigated. In addition, the pressure evolution of polyhedral distortions and polyhedral compressibility were analyzed to understand the microscopic effect of pressure. We have done it for the pressure range where Rietveld refinements were performed (P ≤ 12.7 GPa). The obtained results on bond compressibility are summarized in Fig. 7 . It can be seen from the figure that one of the Sc-O2 bonds compresses more than the other Sc-O2 bond and the Sc-O1bond. However, the deformation of the ScO6 octahedron upon compression is small. In particular, the bond length distortion, which is defined as the relative deviation from average bond length,
Murnaghan (BM) EOS
, 59 , 60 changes from 9. A similar behavior has been observed in ScAlO3 and other perovskites. 6 The polyhedral volume ratio of CeO12 and ScO6 (VA/VB) at 0.2 GPa, 4.45, decreases only marginally until 4.43 at 12.7 GPa.
If the octahedral units are so rigid, the only way in which the ionic packing can be more efficient is by introducing tilts of these units. Therefore, pressure will result in an increase of tilting without a change of symmetry. From the Rietveld refinements carried out up to 12.7 GPa we have obtained information on the influence of pressure in the tilting angles which is shown in Fig. 9 . This information is relevant since many physical properties as well as structural transitions of perovskites are derived from the degree of octahedral tilts. 62 The observed variation of the tilting angles is consistent with a rigid octahedron model. For the ideal cubic perovskite structure, these angles are 180° and a deviation of these angles from 180º increases the lattice distortion while lowering the symmetry as well as the unit-cell volume. The behavior of the tilting angles of CeScO3 resembles the results reported from CaSnO3 and CaTiO3 17, 46 , but it is different from the behavior reported for magnetic GdMnO3 11 and YAl0.25Cr0.75O3. 63 On the other hand, in Fig. 9 it can be seen that the large tilting angle (Sc-O2-Sc ~ 148.7° at 0.2 GPa) decreases 15 more rapidly than the small tilting angle (Sc-O1-Sc). From the structure it can be visualized that the Sc-O2-Sc connections are propagating along the <101> direction and thus the orthorhombic crystal structure evolves towards a higher symmetry, which is coherent with the fact that the a-and c-axes gradually approach the same value under compression.
Before concluding, we would like to comment on the pressure stability of CeScO3.
Several orthorhombic perovskites are known to undergo phase transitions at relative low pressure. For instance, LaGaO3 experience an orthorhombic to rhombohedral phase transition near 2.5 GPa, 7 CaZrO3 goes through an orthorhombic to monoclinic phase transition below 30 GPa, 64 and NaMgF3 undergoes a phase transition at 27 GPa. which is way far from the instability value of 4, indicating that CeScO3 should be still stable, which is consistent with the fact that we did not find any structural phase transition.
Similarly, Angel et al. 5 have suggested that that the ratio between polyhedral compressibilities / guides the distortion of perovskites under pressure; viz. for / = 1 the structure remains unchanged while for / > 1, the structure transforms to a lower symmetry structure and for / < 1, the structural distortion increases and the structure transforms to a higher symmetry structure. For CeScO3, / is 1.09 (~1) 16 and thus the structural transition is not expected according to all other observations. Due to a similar reason ( / ~ 1), the cubic BaLiF3 and KMF3 compounds also do not undergo any pressure induced structural transition. 9, 10 Finally, the HP stability of CeScO3 can be also understood in terms of its cation network, which we have previously described; i. 
IV. Concluding Remarks
In this work, we reported an experimental study of the structural properties of CeScO3 under compression. This is a first effort to understand the HP behavior of rareearth scandates. Our synchrotron powder x-ray diffraction experiments have allowed us to determine that the initial phase remains stable in the orthorhombic perovskite structure up to very high pressure (at least up to the highest pressure covered by experiments, 40
GPa). The pressure-volume room-temperature equation of state of this phase is 17 determined together with the pressure dependence of the unit-cell parameters. In particular, a bulk modulus of 165 GPa is determined for perovskite-type CeScO3.
Information on bond compressibility and tilting angles is finally presented. The reported results are compared with related perovskites and with other ternary oxides containing cerium atoms. Reasons for the observed compressibility and the pressure stability of CeScO3 are given. We hope this first high-pressure study on rare-earth scandates will trigger further studies on this research topic.
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